We genotyped six folate metabolic pathway genes for 11 polymorphisms in 460 cases of childhood acute lymphoblastic leukemia (ALL) and 552 ethnically matched controls. None of the polymorphisms except the 66A4G (I22M) in the 5-methyltetrahydrofolate-homocysteine methyltransferase reductase (MTRR) gene showed any effect on disease risk. The carriers of the G-allele were associated with a marginal decreased risk of ALL (gender-adjusted global P ¼ 0.03; multiple-testing corrected P ¼ 0.25). Analysis of four polymorphisms in the MTRR gene showed statistically significant differences in haplotype distribution between cases and controls (global Po0.0001). The haplotypes GCAC (odds ratio (OR) 0.5, 95% confidence interval (CI) 0.4-0.6) and ATAC (OR 0.5, 95% CI 0.3-0.6) were associated with a reduced risk and the haplotypes ACAC (OR 2.3, 95% CI 1.8-2.9) and GTAC (OR 1.8, 95% CI 1.4-2.3) with an increased risk. The genotype-combination analyses indicated that the best model stratifies cases and controls based on the 66A4G and the 524C4T polymorphisms in the MTRR gene (global P ¼ 0.03). Our results suggest that, besides a weak association of childhood ALL with the 66A4G polymorphism, haplotypes within the MTRR gene may, in part, account for populationbased differences in risk.
Introduction
Acute lymphoblastic leukemias (ALL) are the most common malignancies that afflict children worldwide. 1 The known risk factors for childhood leukemia include ionizing radiation, Down's syndrome and monogenic disorders like ataxia telangiectasia. [2] [3] [4] Both neo-and post-natal exposures and infections have also been suggested to be associated with the disease risk. 5 An increased risk in children with ALL-afflicted twins in a population-based study and a high concordance rate of common B-cell precursor ALL among monozygotic twins suggest prenatal origin of the disease. 6, 7 The etiology of ALL supports the argument for combinatorial impacts of exposures, inherited susceptibility and other influences. 8 The inherited susceptibility can potentially modulate ALL risk from initiation through complete manifestation of the disease.
Common or rare genetic polymorphisms and accompanied haplotypes in critical genes are putative candidate modulators of ALL susceptibility. Earlier studies have shown risk alterations owing to polymorphisms in genes encoding various metabolic enzymes. [9] [10] [11] [12] In several investigations, variant alleles of the methylene-tetrahydrofolate reductase (MTHFR) gene have been associated with altered risk of acute leukemia whereas in some studies such effects were not observed. [13] [14] [15] The effects of polymorphisms in other folate metabolic pathway genes on susceptibility to childhood leukemia have also been investigated. 14, 16 Earlier, we described that MTHFR polymorphisms had no effect on susceptibility of childhood ALL in a German population. 17 In order to study the role of polymorphisms in other genes in the folate metabolic pathway on the same population we genotyped 460 childhood ALL patients and 552 ethnically matched control subjects for 11 variants in six genes that encode enzymes involved in the folate metabolic pathway.
Materials and methods

Study population
The study population consisted of 460 childhood ALL case patients (273 male and 187 female) of German origin recruited under an ongoing therapy study (Berlin-Frankfurt-Mü nster; BFM). 18 The case patients were born between 1983 and 2003 with a mean age of 6.9 years (74.4 years). Patients included in the study comprised different risk categories and morphological sub-divisions (Table 1 ). Blood samples from case subjects were taken at the time of initial diagnosis. Informed consent was obtained from the guardians of the patients and the appropriate ethical institutional review board approved the study. Control subjects included 552 ethnically matched healthy individuals of German origin recruited in 2004 at the Institute of Transfusion Medicine and Immunology, Mannheim (Germany). The control subjects were born in southwest Germany between 1959 and 1986 (Table 1) . Although the German population is probably genetically homogeneous, we used a genomic control approach to assess population stratification. 19 All genotyped polymorphisms were used to estimate and contrast the stratification parameter (l). The estimate of the stratification parameter (l) from the genomic control method was 0.47, indicating no evidence of population stratification at the 0.05/11(number of polymorphisms investigated) ¼ 0.0045 confidence level.
Genes and polymorphisms
The polymorphisms in the genes encoding enzymes involved in the folate metabolic pathway were selected on the basis of published papers and information available on dbSNP database of the National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov). In total, 21 variants in eight genes were identified from different information sources (Supplementary Table 1 ).
Polymorphisms by direct DNA sequencing
We attempted to validate all polymorphisms selected from various sources by sequencing a set of 32 DNA samples. For sequencing DNA, fragments containing variants were amplified by PCR using appropriate primers (Supplementary Table 2 ). The sequencing reactions were performed using a Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA), and data were analyzed as described previously. 20 
Genotyping
Single nucleotide polymorphisms (SNPs) validated by DNA sequencing were genotyped by 5 0 nuclease allelic discrimination method using primers and fluorescence-labeled probes (Supplementary Table 3 ) and conditions described previously. 20 The 5 0 UTR 28 bp repeat and the 3 0 UTR 6 bp deletion polymorphisms in the thymidylate synthase (TYMS) gene were genotyped by fragment analysis on the ABI Prism 3100 Genetic Analyzer (Applied Biosystems). PCR fragments were amplified using fluorescent-labeled forward and unlabeled reverse primers (Supplementary Table 3 ). PCR products were electrophoresed, and data analysis was performed with GeneScan analysis 3.7 software (Applied Biosystems). Direct DNA sequencing of at least 4% of the samples validated the results from allelic discrimination and fragment analysis. The samples that could not be genotyped after twice repeated assays and by direct DNA sequencing were used to calculate genotyping failure rate.
Statistical analysis
Odds ratios (OR) adjusted for gender and the corresponding 95% confidence intervals (95% CI) for assessment of the association of ALL with different genotypes were calculated using SAS version 9.1 (SAS Institute, Cary, NC, USA). The haplotype procedure of SAS/Genetics Software was used to estimate haplotype frequencies in the cases and the controls separately, and to infer the possible haplotype combinations for each individual. Relationships between genotype/haplotypes and ALL risk were summarized as global P-values, corrected for multiple-testing by the Westfall and Young permutation method. 21 The association between the inferred genotype combinations and susceptibility to ALL was explored using a forward stepwise approach; the analyses started by considering a single SNP, and likelihood ratio tests were used to assess whether the consideration of further genetic markers improved the fit of the model. 22 Linkage disequilibrium was calculated with Haploview software (www.broad.mit.edu/mpg/haploview/ documentation.php). Power calculations were carried out using the Power and Sample Size calculation software version 2.1.31.
Results
In validation experiments, out of 21 polymorphisms, identified from published reports and various databases in eight genes involved in the folate metabolic pathway, only 12 polymorphisms in seven genes were detected in a set of 32 test DNA samples (Supplementary Table 1 ). The validated polymorphisms, with a minor allele frequency higher than 0.1, were genotyped in the childhood ALL patients and the controls ( Table 2 ). The percentage of the samples (both cases and controls) that failed in genotyping assays ranged between 1 and 7%. In confirmatory experiments, a complete concordance of results was observed between allelic discrimination or fragment analysis methods of genotyping and DNA sequencing. However, both TaqMan assay for allelic discrimination and DNA sequencing methods failed in genotyping the 829C4T polymorphism in the 3 0 -UTR of the dihydrofolate reductase (DHFR) gene and was therefore excluded from the study. Genotype distributions in the controls were in accordance with the HardyWeinberg equilibrium for all polymorphisms included in the study. The sample size in our study permitted to detect under dominant model the effect of a polymorphism with a minor allele frequency higher than 0.1 and an associated OR equal or lower than 0.5 with an over 80% power (Type I error 0.05/ number of polymorphisms investigated ¼ 0.0045).
Except for the 66A4G (I22M) in the MTRR gene, no statistically significant differences between the cases and the controls in allele and genotype frequencies were observed for any of the polymorphisms ( Table 2 ). The frequency of the variant G-allele for the 66A4G polymorphism in the MTRR gene was lower in the controls than in the cases (gender-adjusted P ¼ 0.01, multiple-testing corrected P ¼ 0.15). Heterozygous and homozygous carriers of the variant allele showed a reduced risk of leukemia (OR AG versus AA 0.7, 95% CI 0.5-1.0; OR GG versus AA 0.6, 95% CI 0.4-0.9; gender-adjusted global P ¼ 0.03; multiple-testing corrected P ¼ 0.25). After correction for multiple comparisons, the differences in effect of MTRR genotypes on risk were no longer statistically significant. Genotype-specific risks were homogeneous for different categories and morphological sub-divisions of the disease (data not shown).
The analysis that included the four polymorphisms 66A4G, 524C4T, 1049A4G and 1783C4T in the MTRR gene showed a statistically significant difference in the distribution of the haplotype frequencies between the cases and the controls. Out of the 16 possible haplotypes, 10 were detected in the controls and six in the cases. The modulatory effect of variant allele for Folate metabolic polymorphisms and childhood ALL A Gast et al Folate metabolic polymorphisms and childhood ALL A Gast et al 66A4G polymorphism on the risk within the haplotypes showed a duality in the context of allele at 524C4T polymorphism. The haplotypes GCAC and ATAC were associated with a reduced risk of ALL, while the ACAC and GTAC haplotypes were associated with significantly increased risk ( Table 3 , global P ¼ o0.0001). A strong linkage disequilibrium was observed between the 66A4G locus and 1049A4G (D 0 ¼ 0.95), and between 66A4G and 1783C4T (D 0 ¼ 0.83). However, a relatively weak linkage was detected between 66A4G and the adjacent 524C4T polymorphism in the MTRR gene (Figure 1 ).
The differences in haplotype distributions between the cases and the controls motivated genotype-combination analysis ( Table 4 ). The analysis involving the single SNPs was followed by the stratification of the 66A4G genotypes according to a second SNP in the MTRR gene. The best model was found when the cases and the controls were classified according to genotype combinations encompassing the polymorphisms 66A4G and 524C4T (P ¼ 0.03). However, the statistical advantage of considering the two other SNPs in the gene, when compared with a model where only the 66A4G polymorphism was considered, was small (P ¼ 0.05). The results indicate a protective effect of the MTRR 66G allele, in particular when combined with the adjacent 524C allele. Overall, the GG (66A4G)/CC (524C4T) genotype combination was associated with a decreased risk (OR 0.6, 95% CI 0.3-0.9), whereas AA/CC genotype combination was associated with increased risk (OR 1.8, 95% CI 1.2-2.8).
Genotype combinations among the investigated polymorphisms (including those in MTHFR from our earlier study on the same population 17 ) showed an even distribution in cases and controls (data not shown). Haplotype analysis of the two polymorphisms in the TYMS gene and the two MTHFD1 SNPs did not show any difference between cases and controls (data not shown). The values of linkage disequilibrium for the two polymorphic loci of TYMS (D 0 ¼ 0.50) and the two loci of MTHFD1 (D 0 ¼ 0.01) suggested an absence of a strong linkage.
Discussion
The folate or one-carbon metabolic pathway that maintains an appropriate folate level in cells involves multiple enzymes.
14 Imbalance in the folate metabolic pathway has been associated with various disorders including cancers. 23 Contrary to earlier small-sized studies, none of the 11 polymorphisms in any of the six genes investigated in the present study, with the exception of 66A4G (I22M) polymorphism in the MTRR gene, showed association with ALL susceptibility. 16 Interestingly, we found that the haplotypes based on the four SNPs in the MTRR gene, including the previous three uninvestigated non-synonymous polymorphisms, the 524C4T, 1049A4G and 1783C4T, showed significant differential distribution in the cases and the controls. The four haplotypes that accounted for nearly 90% of the studied population were strongly associated with modulation of the risk. The ACAC and GTAC haplotypes were associated with increased risk, whereas GCAC and ATAC seemed to be related to a reduced risk of ALL.
Functionally, MTRR maintains adequate levels of methylcob(III)alamin, a functional cofactorial form of methionine synthase (MS) enzyme. 24, 25 MS in an active form is essential for maintaining apropriate levels of methionine, which Folate metabolic polymorphisms and childhood ALL A Gast et al acts as a precursor for the universal methyl group donor S-adenosylmethionine. Mutations, including deletions and insertions in the MTRR gene, are associated with a rare autosomal recessive disorder cblE type of homocystinuria leading to megaloblastic anemia and developmental delay in early childhood. 26, 27 The variant allele for the MTRR 66A4G polymorphism has been previously associated with increased risk of lung and esophageal cancer and decreased risk of squamous cell carcinoma of head and neck. [28] [29] [30] The genotype combinations of polymorphisms in the MTRR, MTHFR and MS genes have been associated with a reduced risk of adult ALL and non-Hodgkin's lymphoma. 24 In combination, the 677C4T polymorphism in the MTHFR gene and the 66A4G MTRR polymorphism have been associated with an increased plasma homocysteine concentration. 31 Childhood ALL patients with the G-allele for the polymorphism showed decreased in vitro sensitivity in both short-and long-term methotrexate assays. 32 The dietary folate and other nutrient intake have been shown to influence the risk of different cancers, including leukemia, associated with polymorphisms in folate metabolic pathway genes. 14, 16 However, in this study in the absence of such information, the gene-nutrient interaction could not be assessed and it cannot be excluded that the modulation of risk observed here is due to gene-folate interactions.
The possibility that the observed differences in risk of leukemia owing to the haplotypes within the MTRR gene reflect historical linkage to other functional loci or gene(s) also cannot be ruled out. This argument is supported by predictions of such associations and existence of large haplotype blocks within the human genome. 33 Moreover, analysis of genotype combination did not show as strong an effect on risk modulation as was observed with haplotypes. Further, the reversal of modulation effect of 66A4G (I22M) polymorphism within haplotypes on the allele at the 524C4T polymorphism, probably, points to additional polymorphism(s) in the MTRR gene that cause differential cancer risk either directly or through interaction with environmental effects.
In conclusion, in this study, no association was detected between the polymorphisms in folate metabolic genes and childhood ALL except for the 66A4G variant in the MTRR gene. However, as a novel finding, we report a significant difference in population risk of childhood ALL associated with the haplotypes based on four polymorphisms in the MTRR gene. Our observation of a clear demarcation between the risk and the non-risk haplotypes in the MTRR gene may in part explain the differential susceptibility to childhood leukemia owing to background genetic composition, which, in conjunction with other factors, could drive the expanded clones with the chimeric fusion genes, which are present in about 1% of new born, to the overt childhood ALL. 34 
Table 4
Forward analysis of effects of genotype combinations based on combinations of MTRR 66A4G (1) and 524C4T (2) Likelihood ratio test comparing the complex and parsimonious models.
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